telomerase RNA. For example, vertebrate chromosomes synthesis, can be copied to its very end (orange). However, the end in multiple copies of the sequence C 3 TA 2 /T 2 AG 3 . bottom strand, replicated by lagging strand synthesis (blue), will After telomerase elongation of the 3Ј strand, a convenend with an 8-to 12-base RNA primer (green box). An 8-to 12-base tional DNA polymerase probably synthesizes the comgap is created by removal of this RNA primer. Although the gap can not be filled in by a conventional DNA polymerase, the 3Ј single plementary strand (Figure 1 ). strand tail can be extended by telomerase (telomerase-generated What is the fate of a chromosome that loses its telorepeats depicted as pink circles). After telomerase extension, a conmeric DNA? The current data, although limited, suggest ventional DNA polymerase can synthesize the complementary that the answer is not the same for all organisms. In strand (yellow). After the complementary strand is synthesized, the Drosophila, a chromosome lacking telomeric DNA is newly replicated end is still expected to have an 8-to 12-base gap, but there will be no net loss of DNA.
shortened at the very slow rate expected for incomplete telomerase but not until almost all (or perhaps all) telocells that rely on a telomerase-independent mechanism of telomere maintenance typically have exceptionally meric DNA is lost. Indeed, telomere function in Saccharlong telomeres, telomerase-independent mechanisms omyces can be accomplished by a surprisingly small of telomere replication can be quite effective. amount of telomeric DNA: for example, chromosome
The identification of the gene encoding mouse teloloss in a tel1 strain, which has telomeres of Յ100 bp, merase RNA (mTR) (Blasco et al., 1995) has made it is elevated only modestly compared to wild-type cells possible to address the importance of telomerase for (Greenwell et al., 1995) . Based on analogy with model viability, chromosome stability, and tumorigenesis in systems, the effects of eliminating telomere replication mammals. Knockout (KO) mice in which the mTR gene in mammalian cells are expected to show a phenotypic was deleted were obtained (Blasco et al., 1997) . Cells lag whose length will depend on both the starting from first generation (and later) KO animals do not examount of telomeric DNA and the fate and degradation press detectable levels of telomerase. Thus, deletion of rate of ends lacking telomeric DNA.
the mTR gene eliminates most, probably all, telomerase. Even though telomerase is the major pathway for teloSix generations of mTR KO mice were analyzed. Since mere maintenance in yeasts, its loss can be tolerated these mice appear to be quite healthy, telomerase is for many cell divisions and, in some cases, indefinitely. dispensable for mouse viability, at least for six animal Although most yeast cells that lack telomerase eventugenerations. ally die, spontaneous survivors arise in all cultures, as What happens to the chromosomes in the mTR KO long as the cells are recombination-proficient. Two difmice? In wild-type cells, individual mouse chromosomes ferent types of recombination can rescue telomerase have a variable amount of telomeric DNA, estimated at minus yeast. In Saccharomyces, most survivors have 10-60 kb of C 3 TA 2 /T 2 AG 3 repeats per telomere. Since very short telomeres but acquire long tandem arrays of cells in the mouse germline undergo ‫26ف‬ (male) or ‫52ف‬ subtelomeric repeats by gene conversion (Lundblad and (female) cell divisions from one mouse generation to the Blackburn, 1993). In Kluyveromyces, the telomeric renext, each successive mouse generation translates into peats themselves appear to be extended by recombinaroughly 40 cell divisions without telomerase. To address tion (McEachern and Blackburn, 1996) . Survivors are issues of telomere length and chromosome stability, sufficiently frequent that their occurrence is probably mouse embryo fibroblast (MEF) cultures were estabnot due to mutations in one or a few genes, unless lished from different generation KO mice. The MEF cells mutation rates are increased in cells lacking telomerase.
were grown in tissue culture for up to 191 cell divisions During the course of telomere replication, telomeres in and their telomeres examined by both Southern hybridSaccharomyces and mammals acquire 3Ј single strand ization and fluorescence in situ hybridization (FISH). tails, Ն50 bases in length (Wellinger et al., 1996; Makarov Southern analysis of DNA from MEF cells shows eviet al., 1997). These tails, comprised of a repetitive sedence for telomere shortening but only in late passage quence found at many sites in the genome, are likely to cells. However, FISH analysis on early passage MEF promote recombination unless recombination is specificells established from different generation KO mice sugcally repressed. Because telomeres elongated by regests that telomeric DNA is lost in KO cells and that this combination can not be distinguished readily from loss increases with each succeeding mouse generation telomerase-lengthened telomeres, it is difficult to assess without telomerase. Whereas wild-type cells have ‫44ف‬ if telomere-telomere recombination contributes to telokb of C 3TA2/T2AG3 repeats per telomere and no telomere lengthening in telomerase-proficient cells.
meres that lack telomeric repeats (with an ‫002ف‬ bp Loss of telomerase activity occurs naturally during detection limit), MEF cells from sixth generation KO mice mammalian development. Most human and some mouse had ‫41ف‬ kb of telomeric DNA per telomere and 5% of somatic cells do not express telomerase at detectable the telomeres lacked detectable hybridization. Based levels and, as a consequence, cell division results in teloon the FISH data, the authors estimate that telomeric mere shortening. Since mammalian cells lose telomeric DNA is lost at a rate of 4.8 kb per mouse generation. DNA at rates that are roughly ten times faster than exThis value is in excellent agreement with estimates on pected from incomplete replication, degradation almost the rate of telomeric DNA loss, 50-100 bp per cell divisurely contributes to telomere shortening in mammals.
sion, from mouse tissue culture cells that do not express In contrast to most somatic cells, the vast majority of telomerase. However, if this estimate is correct, it is human tumors and many transformed cell lines express puzzling that there is not a more dramatic effect on telomerase (see for example, Kim et al., 1994) . These telomere length as revealed by Southern hybridization observations led to the appealing hypothesis that the in early passage MEF cells. Even though mouse terminal replicative potential of mammalian cells might be deterrestriction fragments are large and heterogenous in size, mined by their amount of telomeric DNA. In this model, a loss of ‫03ف‬ kb of telomeric DNA should be apparent the ability to express telomerase and hence maintain in Southern analysis by both size and loss of signal telomeric DNA would be a crucial step in tumorigenesis.
intensity. Yet DNA from early passage MEF cells from A corollary of this model is that an antitelomerase stratsixth generation KO animals appears remarkably similar egy might be effective against a wide range of human to DNA from wild-type animals (Blasco et al., 1997: Figtumors while having little deleterious effect on most ure 4A). In any case, the FISH data corroborate the normal cells. However, it is now clear that some immorbiochemical evidence indicating an absence of telotalized human cell lines maintain telomeric DNA without merase activity in cells from all generations of mTR KO expressing telomerase, suggesting that telomerase bymice. Thus, there is no support for a second telomerase pass mechanisms exist in mammals, as well as in yeasts RNA gene which might, for example, be activated once telomeres become critically short. (see for example, Bryan et al., 1995) . Since tissue culture FISH analysis also reveals a variety of chromosomal humans. Certainly, the phenotypes of telomerase minus abnormalities in MEF cells, such as end-to-end fusions mice weaken the appeal of models in which telomerase that are probably due to loss of telomere function. Again, activation is a key step in cancer. However, it is also these events are more common in KO mice from late clear that mice and humans are very different when it generation animals. Perhaps the most striking result is comes to cancer. This difference is manifest both in the increase in the fraction of metaphases with an abnortissue culture and in animals. Whereas human cells mal number of chromosomes: wild-type cells had no growing in culture rarely immortalize, mouse cells do so abnormal metaphases in the 26 metaphases examined readily. Moreover, in vivo, mouse cells appear to require, while cells from second and sixth generation KO mice on average, fewer cell divisions to become cancerous had, respectively, 23% and 56% abnormal metaphases.
than human cells. This result suggests that fewer mutaThe cytological data argue that in mouse, as in yeast, tions are needed to convert a mouse cell to a neoplastic telomeric DNA is required for chromosome stability, at state. One interpretation consistent with these ideas is least in tissue culture cells.
that a telomerase-independent mechanism of telomere Unlike cultured cells, mice do not tolerate aneuploidy.
maintenance, such as telomere-telomere recombinaChromosome loss in 56% of cell divisions can not be tion, is already active in normal mouse cells whereas easily reconciled with the apparent good health of sixth activation of a mechanism of telomere lengthening is a generation telomerase minus mice. These consideraprerequisite for immortalization in human cells. Howtions and the difficulties detecting telomere length differever, by this model, it is difficult to explain why telomerase ences in KO mice suggest that loss of telomeric DNA is up-regulated in both mouse and human tumors. Until may not be as rapid in animals as it is in tissue culture.
inhibition of telomerase is found to limit the establishPerhaps an ancillary mechanism of telomere lengthenment or growth of tumor cells, the connection of teloing, such as telomere-telomere recombination, makes merase to human cancers will remain an intriguing correa greater contribution to telomere lengthening in vivo than lation. it does in tissue culture. It is curious that mouse telomerase as assayed by primer extension is nonprocessive (Prowse Selected Reading et al., 1993) yet mice have exceptionally long telomeres. These considerations raise the possibility that telomere-
